10 11 *Corresponding author: vincent.merckx@naturalis.nl 12 Mycorrhizal symbiosis between soil fungi and land plants is one of the most widespread and 13 ecologically important mutualisms on earth. It has long been hypothesized that the 14 Glomeromycotina, the mycorrhizal symbionts of the majority of plants, facilitated colonization 15 of land by plants in the Ordovician. This view was recently challenged by the discovery of 16 mycorrhizal associations with Mucoromycotina in several early diverging lineages of land 17 plants. Utilizing a large, species-level database of plants' mycorrhizal associations and a 18 Bayesian approach to state transition dynamics we here show that the recruitment of 19 Mucoromycotina is the best supported transition from a non-mycorrhizal state. We further 20 found that transitions between different combinations of either or both of Mucoromycotina and 21 Glomeromycotina occur at high rates and found similar promiscuity among combinations that 22
in Rhynie Chert fossils of Horneophyton lignieri 11 . Further support for ancient origin of these 44 interactions comes from genomics, as genes involved in the formation of arbuscular mycorrhizal 45 infections are homologs and were acquired in a stepwise manner, with potentiation starting as early as 46 the last common ancestor of Charophytes and Embryophytes 12-14 . 47 48 This evidence has led to the wide acceptance of the view that Glomeromycotina were the ancestral 49 mycorrhizal symbionts of land plants [15] [16] . The ancestral symbiosis is assumed to have been replaced in 50 several plant lineages by other types of mycorrhizal associations in multiple independent shifts 7 .
51
However, the recent discovery that many members of early diverging lineages of land plants, 
72
We obtained a dataset of 732 species of land plants for which the mycorrhizal fungi have been 73 identified with molecular methods. 45 species were added to represent non-mycorrhizal lineages. We 74 used the plant chloroplast DNA markers psbA, rbcL and rps4 to infer phylogenetic relationships 75 between these species. Our estimates of phylogeny correspond well with the prevailing understanding 76 of the systematics of the land plants at least so far as the monophyly of major groups and the relative 77 branching order of these groups under the different rooting scenarios are concerned 25 . 
86
The relative levels of support, and the inclusion of additionally supported root states, were influenced 87 by different rooting scenarios ( Figure S1 ). Mucoromycotina within a repertoire that spans both is also lost at relatively high rates, but gained at 95 much lower rates, suggesting that the association with Glomeromycotina is relatively more facultative 96 within this repertoire. The second path includes gains and losses of Ascomycota, and losses of 97 Glomeromycotina (but gains less so), at high rates within repertoires in which the association with 98 Basiodiomycota appears more obligate.
100
Explicit hypothesis testing to quantify which transition away from a state of no mycorrhizal 101 association is best supported prefers Mucoromycotina under all four rooting scenarios: in three out of 102 four, the Bayes Factor (BF) was larger than 10, interpreted as strong support, in the fourth scenario 103 (hornworts sister to all other land plants) the BF was ~8.35, which is generally interpreted as 104 substantial support 26 (Table S1) (Table S2 ). 203 204 DNA sequence data of the plants, including members of the Bryophytes, were obtained from GenBank 205 to reconstruct phylogenetic relationships. For liverworts, hornworts, polypods, and lycopods, we 206 added several species to the dataset to increase taxon sampling, resulting in a total of 759 species for 207 phylogenetic analysis. For 146 species, full or partial chloroplast genomes were available, which we 208 used to extract sequences for psbA, rbcL and rps4. For other species, rps4 and psbA sequences were 209 downloaded where possible, to supplement the rbcL dataset. Accession numbers are listed in the 210 supplementary data (Table S3 ).
212
Phylogenetic analysis and divergence dating 213 For each marker, we aligned the sequences with MAFFT v.7 38 using the FFT-NS-i Iterative refinement 214 method, and then selected the substitution model with jModelTest 2.1.10 39,40 . For each marker, 3 215 substitution schemes where tested on a neighbour joining topology, including models with unequal 216 base frequencies, rate heterogeneity and a proportion of invariable sites. The GTR+I+γ model was 217 selected for all partitions using the AIC. We performed divergence dating with BEAST2 v2.3.2 50 218 using four fossil calibration points and one age estimate from literature for the crown node of 219 liverworts to date the phylogeny. We selected a uniform distribution for each of the calibration points 220 using the minimum and maximum estimates for these nodes from literature (Table S4 ). We chose a 221 Yule prior with a uniform birth rate for the analysis, a lognormal relaxed clock model, and estimated 222 the clock rate. We applied the GTR substitution model with a Gamma category count of 4 and 223 estimated shape parameter value of 1.0. The proportion of invariant sites was estimated (initial value 224 0.01) and the mean substitution rate fixed. We selected an exponential distribution for the prior on the 225 mean substitution rate. To test the effect of different phylogenetic hypotheses 23,42 for the deep-time 226 relationships of land plants on ancestral state reconstruction, we rooted the consensus tree according to 227 the different hypotheses and applied our divergence dating protocol to each rooted topology (Figure 228 S1). During the MCMC analyses, trace files were updated every 1000 generations, and trees sampled 229 every 10,000 generations, until the effective sample size of major traced parameters exceeded 200 230 (and all others exceeded 100) using a burn-in of 100 * 10 6 generations. We thus terminated the runs 231 after, respectively, 374,735,000 generations for ABasal; 354,497,000 generations for ATxMB; 232 345,720,000 for MBasal; and 374,254,000 for TBasal. We then constructed the maximum clade 233 credibility tree using Tree annotator v2.2.1.
235

Comparative analysis and hypothesis tests 236
In our analysis we assume that the four major fungal groups of which members participate in 237 mycorrhizal associations were already in existence prior to the diversification of land plants 22 . 238 Therefore, we treat each distinct repertoire of associations that land plants form with members of these 239 groups as a discrete state whose evolutionary transition dynamics we modelled subsequent to two 240 additional assumptions. First, because there are qualitative differences between the types of 241 mycorrhizal associations that are formed with some of the different fungal groups (e.g. intracellular 242 versus ectomycorrhizal association), we assumed that the evolutionary adaptations required to enable 243 such associations are not gained (or lost) instantaneously. Hence, we disallowed state shifts that 244 implied multiple, simultaneous gains and losses such that, for example, a change from a state complete generalism that includes all fungal groups in a single repertoire does not, which is why we 252 allowed the former, but not the latter, as possible ancestral states.
254
A convenient side effect of these assumptions was that this limited the number of free parameters in 255 the state transition (Q) matrix, which otherwise would have undergone a combinatorial explosion had 256 we included all possible permutations in the repertoires of mycorrhizal association as distinct states, 257 which would have impeded convergence in our analyses. To mitigate such proliferation of potentially 258 unneeded, free parameters further, we performed our analyses using Reversible-Jump MCMC, as 259 implemented in BayesTraits's 'multistate' analysis mode. We ran each of our analyses in triplicate for 260 10 6 generations, as initial experimentation had demonstrated reasonable convergence in our data under 261 these settings. In cases where we required estimates of marginal likelihoods, i.e. for hypothesis testing 262 by Bayes factor analysis, we approximated these using a stepping stone sampler that we ran for 100 263 stones, with 200,000 iterations per stone.
265
Using this approach, we reconstructed the ancestral states for the four different rootings of our 
278
We therefore constructed explicit hypothesis tests to distinguish between various plausible scenarios.
279
To do so, in addition to the assumptions affecting the Q matrix outlined above, we further constrained 280 our analyses to require the absence of any mycorrhizal association on the root node, and then tested 281 which initial gain was best supported by the data. To quantify this, we estimated the marginal 282 likelihood of the model where the root is constrained to have no association but without any additional 283 constraints on the order in which subsequent associations are acquired (beyond the general 284 assumptions already discussed), and compared this with models where, respectively, each of the initial 285 gains of a single fungal group is disallowed. The logic here is that disallowing the initial shift that best 286 fits the data will result in the marginal likelihood that differs most significantly from the less- 
